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CHAPTER 1

INTRODUCTION

1.1 - INTRODUCTION

The icnosphere is the region cf the atmesphere in
which sufflcient nambers of free erLectrens and icnas
exist to affect radic wave prcpagation. This
tonizaticn {s mcstiy caused by sclar radiation
interacting with the Earth's atmcsphere. The electrcn
density distribution of the 10cal icnosphere changes
] with solar variability, such as day and nighttime
difference, seascnai variations, sunspot number, etc.

Although free electrcns and ions are distributed
randomly ¢cn smali spatial scales, they cften act 1ipon
eiectromagnetic waves as a ccntinuous refracting medi im
because c¢f their statistical iniformity, In the nignh
freqiency (HF) range the icnosphere may bSe ccnsidered
as accmpcsed c¢f cniy free 2el1ectrens, since the izns nava
neavy mass and are relatively immobile.

The collisions free electrcns make with other
particies such as tens, molecules and atoms have a
viscous damping effect on radic waves which is
equivatent to chmiec heating in a eonductive mediam,

Tnis is the majar re2ascn fcr radic wave abscrpticn in

wne ‘"ncscnere,

A iR A A AT A ; e e
AT AP AT NETAT AT AT Paog o gt R VA v D R AR RS

5'

Pk s

- (e

AP 2o e Ja e B Oy S

Ay

NN VLIS

..,-'.—“-.‘. --< O AR

LIRS

EO N T Tl

>

(s
P

A

?12?5**19"33*

T Ta hee i

> v
P

ol e g 2

%y

»

n‘;-—

-



The Earth's magnetic fieid compiicates the
refracting properties of the tonosphere. The presence
¢f a constant magnetic field makes the medium

antsotropic and complicates the reiationship between

-

the electric polarization P and electric fieid

-

intensity E,

P= e, M E (1.1)

where M is the 3 x 3 susceptibility tensor of the
ionized medium and €, is the free space permittivity,
As an anisctrcpic medium, the icncsphere exhibitis
many interesting properties. For special cases,
complete penetration of the layers which would
generally be refilecting is possible thrcough ordinary tc
extraordinary mocde wave coupling. This occurs when
crcpagaticn i3 near “he 2rictinal ng;e'cf incidanne
which 1ies in the magnetic meridian. Total energy
deposition ¢f the coupled wave may occudr near Lhe
resonance region using this mechanism, In the fiture
this may prove to be an efficient heating mechanism fcr
tonospheric mecdification experiments as well as a

viablre explianaticn fcr many experimenta. observaticns.

y
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A theoretical and computationai examination cf this o
."l
N.
phenomenon is made in this study. !
n
. o
1.2 - IONOSPHERIC HEATING EXPERIMENTS |
High power HF heating experiments began in the if
1970s and produced many interesting and often hfv
wli
W
Jdnexpected results [1,2]. The motivatton of the early ®
o,
o
experiments was to understand the nature of the f~
. )
A
ionospheric plasma., Experimental observations have e
ol
been summarized in numerous references (3,5,5,6,7,8,9, o _
10,11,12,131]., Among the mocst interesting observaticns R\
N
O
derived from these experiments are: f"
[
3"
- Plasma {nstabilities assocciated with the non- {;
« "l
linearity behavior of the medium. =
- Generation of short scale irregularities. %}
) 3
- Generation ¢f large scale irreguiarities. :
i)
- Alrglow excitaticn. ;:
- Nonlinear demoduiation (ELF, VLF generation). ® .
R,
- Production of extrathermal electrons. i-
-NP
..\-_
.\-
These experimental findings may have their !_.
S
e
greatest impact on long-range communicaticns systems. b$
X
Tor example, scattering frcm small-scaie irregilaritcieas o
"M
~
[ ]
~
-~
-3- N
[
"~
ot
'
N
\"\‘
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(0.5 - 5m size) have been observed which may be useful
for establishing long range VHF and UHF communication
links [33,34]. Large scale irregularities were found
to scatter HF signals [(14,15,16,17] which might be
useful for injecﬁtng HF waves into ionospheric
wavegulides for so-called duct mode propagétion 18,19,
20,21,22]. Nonlinear demodulation capability of the
ionosphere has also been reported [23,24]. When the
heater wave is amplitude modulated with a frequency
between 0.5-10KHz, the heated volume {irradiates waves
at the mecdulating frequency which may be recei?ed at
far distances. This is believed to occur because of
the modulaéion of the natural ionospheric currents
(dynamo, polar electrojet, equatorial electrojet, etc.)
passing through the periocdically varying heated region.

The potential of HF ionospheric heating/
modification has been well recognized. However, tc
date, most of the experiments have been perfcrmed with
vertically directed antennas. Both theoretically and
experimentally, very little attention has been paid to
obiLique propagattion. This work snows that, for certain
angles of incidence, oblique propagation should provide
an efficient way of depositing energy into the

inrncspherin pLasma. This, then, shculd enhance the

\-.r.:.-_(&-ﬁc* \"\' -v.. ,\' ;'- * w“-’\.v '\l\'~ *\f\ . V‘..Il‘.g._-’.‘-:\-'\-'\ \ \-r J‘.I J‘ - vl' -.-‘ -I' -, J‘\
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utility of HF radiowave heating for communications and 5‘
basic plasma research purposes. .
L
'f.
1.3 - RESEARCH APPROACH q
»
r )\
Electromagnetic wave propagation in a plane f‘
A
p
stratified ionospheric plasma and its possible ;;
.ﬂ
application to high power, high frequency (HF) heating
experiments are investigated. Theory shows that mode f&
0.
'3,'{
coupling from ordinary (o-) to extraordinary (x-) waves Y
in the vicinity of the plasma resonance level is »
"
possible if certain conditiocns are met. This may :“4

result in deposition of radiowave energy intoc the

Leioed s

[

ionospheric plasma, The conditions under which

coupling {s most effective, and the amount of coupiing,

are investigated for several ionospheric models using Ly
¥

the numerical full wave solution technique and the "
. o
rocts cf the Booker guartic. \;
i

The theory of wave propagation in the ioncspherin ;

*w

plLasma, the Booker quartic and the full wave solution g,
(.‘h.
: R Ry
technique are presented in Chapter 2. Computational !i.
oy

results which demonstrate the theory and coupling 'i
&

efficlencies for several directions of propagaticn are L 3
Y

Y

™

presented in Chapter 3. Summary of results, :ﬁ
¢

I\‘

conelusicns and recommendations are presented in iﬁ
o

»
l.‘-
A,
-5- o
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&
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. Chapter 4, This study clearliy shows that coupling from
; 0- to x-waves may result in significant absorption of
0 radicwave energy in a very narrow region jJst.below t he
level at which the wave frequency equals the plasma
A
N frequency. This heating mechanism should have
. important impiications for using ionospheric high-power

radiowaves to produce irregularities from which

purposes may be possible.

)
\

} scattering of other radiowaves for communications
[}
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¥
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CHAPTER 2

REVIEW OF RELATED THEORY

In this chapter the theory of HF electromagnetic

plane wave propagation in a plane stratified

ionospheric plasma is reviewed [25,26,27,28,29,30].

The theory provides the basis for understanding HF wave

propagation phenomena through related numerical full

wave solutions.

ASSUMPTIONS

The electromagnetic fields are assumed tb arise
from harmonic plane waves. The time dependence
exp(lwt) i3 suppressed for all field variables,.
The raticnalized M.K.S. units are used.

The {onosphere is assumed to be horizontally
stratified.

As a magnetbionic medium, the icnosphere i3
assumed to consist of free electrons which are
distributed locally with statistical uniformity.
The effects of heavy ions are neglected.
Cold plasma conditions are assumed to exist,
and the possibility of energy loss caused by
generation of other types of waves such as

nlasma waves and acoustic waves is ignored.
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- Definition of the symbols and basic quantities

are listed in Table 2.1.

2.2 - BASIC EQUATIONS
. The electromagnetic fields {n the ionosphere are

governed by the Maxwell's equations:

-> -> ->

v «.D=20 (2.1) V x E = Tiw poH (2.3)
- - >

vV « B =0 (2.2) VxH =1 oD (2.4)

If the z-axis is taken to be the wave normal, Egs. 2.3,

2.4 become

"3 )
3z Ey = i w u, Hy 3z Hy = 1 Dy
| p 3
L) .
{ 37 Ey = =1 w u, Hy 327 Hy = =i w Dy (2.5)
Dz = 0 Hz = 0

Dz = 0 Leads to E; = 0 in an isotropic medium. How-
ever, in an aniscotropic medium such as the ionosphere
this is not true, and in general the longitudinal

component E, is ncn-zero.
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Table 2.1 - Symbols and Notation

velocity pf light in free space
free space permittivity

free space permeability

vy -1
electron charge
electron mass
wave number
Boltzmann constant
electron temperature
refractive index
electron density
electric field
electric polarization
electric displacement
magnetic field
magnetic induction

>
ne H
wave frequency
plasma frequency

gyro frequency
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Earth's magnetic induction

plasma frequency parameter
nérmalized gyro frequency parameter
normalized collision frequency

3 x 3 susceptibility tensor

X,y,2 direction cosines of ;

1 - iz

colligion frequency

collision frequency of monoenergetic electrons
effective collision frequency
complex collision frequency

Dingle integral of order n

wave polarization

transverse component of Y
longitudinal component of Y

a 1-y2 resonance condition
T-Y7;

angle of incidence

angle of incidence in free space

magnetic dip

intrinsi{ic impedance of free space

-10-

bl At R A AR Gl L B G G RS 0 (o e e gt D LB G QU b 1 U U ) SN T Sl T e e diaigve V0 gt ghorate ge SRS SR bt Sel s ato Tt




LN I WP W W W W L MR R RO M T AT 0T Y O I O R i g ey Shl teb 6k LGl ) o et S )t

0d
Yt
’
lv.
. )
-5
H is often used as a measure of magnetic field :i
J
intensity and is defined as: 3
4
1
N
- -> .
H = no H (2-6) .
\
~)
~
s
where n, is the intrinsic impedance of free space. N
>
H has the units of electric field intensity which makes '
it more convenient for this application. Using this %
definition Eqs. 2.3, 2.4 become ~
&
’
!
> -> Pt
Vx E= -ikH (2.7) ot
t "
o)
. }
-+ - ~
, vxh -7 (2.8) 3
€4 3
':I"
In the icnospheric plasma the equation ¢f electrcn N
. -
mction, arising from excitation of an HF electro- ]
- "
magnetic wave, defines the polarisation state of the N
¥
! pLasma according to £q. 2.9 [26] Yy,
!
; -> -> -> - h A
-—€, X E =P (1 -12Z) +# i P x ¥ (2.9) "
M
"
N '
where X, Y, Z are defined in terms of basic quantities '
%
; as ’i
t
+
W,
W
L
L}
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N e’ wy ®
= = 2.1
: X E:—E—GT o1 ( 0) ;
W L
¥ > A
W Y = e By _ wH | (2.11)
' m w w
: z = 2 (2.12) y
w P
] K
R The variable X is proportionai to the eiectron density. ¢
v Plasma frequency wy is a characteristic frequency of
]
X the plasma at which electrons tend to oscillate. The F
s > :
" variable Y is the normaiized gyrofrequency, and its )
direction is anti-parailel to the superimposed magnetic .
A ",
: field 30. The gyrofrequency wy s another ﬂ
¢ \J
f characteristic frequency of the magnetoionie plasma and :
- is the frequency at which free electrons oscillate in a ‘
L - :
j circular motion about the magnetic field Bg. The N
X variable Z is the ncrmaiized collisicn frequency. h
N -
5 . If (¢, m, n) are the direction cosines of Y, é
Zq. 2.9 teccmes A
.- - - - - i
K Ey U in¥Y -imyY Py ¢
t ‘
‘ ~€q X [Eyf = |-L n ¥ u A ¢ Pyl (2.13) by
Eg imy -1 2 Y u P2 <
- - - - - -
iy {
‘
™
{ Inverting this 3 x 3 matrix gives the cirassical fcrm cf :
“
the acnstititive relaticns 725] N
2
' -12-
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Py ui-giy? “in YU~ 1mY? imYU-2tnVY?| Ey

. i - 2 2 _ 2y2 - - 2
Py T in-tmy U?- m?y it YU-mn¥y Ey
P, -imyYU-=-2tn ¥ iLYU-mn}Y? Uz- n?y? E,
(2.14)

~

Uses of the parameter Z suggests that there is a
single effective collision frequency which can be
substituted in the constitutive relations. Actually,

because of the dependence of the collision frequency on

thermal energy of the electrons there is no single
collision frequency applicable, except under certain
conditions. Sen and Wyller (1960) (31] developed a

modified form of the constitutive relations for weakly

T Nl Tt A FL
4, -r;.t' AL -; fof”

e

ionized gases which accounts for the thermal energies

of electrons using Boltzmann's transport equation. As

kA4

a result one obtains three different collision

frequencies g, (n=1,2,3) [32].

gn = wn (2 (23) cy (29)2 ¢, (41} - 1wy, (2.15)
m " m " m
where
W, = w Wy, =T W ~wy wy; = w *twy (2.16)
and
13-
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“g vp = a K T (2.17)
)
0
) .
R
A% where a is a proportionality constant, K is the
) »
R Boltzmann constant and T is the electron temperature.
t . - . .
% The Cs(y) and C3(y) are the Dingle integrals which are
Zz
i defined as
I
h
i
[
2N 1 [7 _xnetx
Cn(Y) = FIT m dx (2.18)
-7 : o
% .
e, Using these new collision frequency terms, the
Wy
o susceptibility tensor M takes the form given by Eq.
-
'5. 2.21, which is equivalent toc the ciassical form of the
SN
N .
ﬁ constitutive relations 2.14 at the asymptotical limits
R .
‘\',"
Q- vm<<| m'mH| and \)m>>| w*le with ve defined as the
o effective collision frequency ([32].
)
o
~!
| ]
’ 5
\)m <L w = wy \)e = 5 Vm (2.19)
J:".
2
". 3 .
v vp 2> | 0 + wy Ve * 5 Vm (2.20)
5,
s
‘x‘l
fo(n
‘:
W
.:.
4,
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2.3 - WAVE POLARIZATION IN THE MAGNETOIONIC MEDIUM

N The polarization of a plane wave propagating in
N the z-direction is defined as -
[
’,l £ §
e, p = =X (2.22)
l Ex
¢ In a magnetoionic medium the following relatiocnships
RY !
o alsc holid: 1
‘ §
“ ‘
i
& D p H
4 p = DJ = -—¥ = —x (2.23)
& X PX Hy
.‘ -
’ If B, is chosen to Lie in the x-z plane, then the
fl
4% constitutive relations 2.13 become
" :
LY J
\ 1
A - € X Exy = UPy +inYPy
L] [
o . T €y X Ey = UPy = i nY Py + 1 8 YP, (2.24)
.
l‘
S
N - € X Ez = U Pz - 1 L Y Py
S ‘
. Combining Eqs. 2.22-2.24,2.25 leads to a soluticn of R
N ]
o
- the polarization equattion
L. b Y%y £t L
. o = ° +
. ' =1 { - 24-1}1/') (2,281 \
. 2 Yy (=) bovzr (U=
W
d
:0
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where Yp = %Y and Yy = nY. This equation shows that
there exists two possible polarizations for an
electromagnetic wave propagating in a given direction

in a magnetoionic medium [26].

2.4 - THE APPdETON-HARTREE EQUATION

Appleton (1932) and Hartree (1931) developed the
theory and derived the refracti{ve index for vertically
propagating radiowaves in a magnetoionic medium such as
the ionosphere [26,29,30]. Their derivation of the
refracti-ve index is often referred to as the

ApplLeton-Hartree equation which is given by

s L - X

Y27 1“1 2 1172
sk e ¢ vl

(2.26)

Eq. 2.26 demonstrates the complexity of radicwave
propagaticn in the presence ¢f a superimpcsed magnetic
field. Notice that in general there are two possible
refractive indices for any X, due to the + sign in the
denominator. This shows that the {onosphere is a
doubly refracting medium. Thus, for any given
direction of prcopagation two characteristic waves are

pcssible, each having different pclarisations and

1 different refractive indinres, These twe characteristin

L At
»
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waves propagate independently and have different
reflection levels. It is customary to call these two
waves "ordinary" and "extraordinary." The ordinary
(a-) wave is the wave component whose propagation
characteristics are influenced minimally by the
superimposed magnetic field. On the other hand, the
extraordinary (x-) wave's propagation is influenced
maximally by the superimposed magnetic field.

If the superimposed magnetic field is removed
(Y =YT=0), the refractive index reduces to that.fcr an

isotropic plasma.

(2.27)

]
]
(={F o

If collisions are neglected and the wave frequency.
equals the plasma frequency (X = 1), n* = 0. This is
the Level cf reflection. Beyond this lever (X > 1) the
wave becomes evanescent and does not propagate,

The Appletcn-Hartree equation exhibits a czero

refractive index at three levels:

X =1, X = 1 - Y, X = 1 + ¥ (U = 1) (2.28)

-18~
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The X = 1 reflection lLevel for the o-wave is also the

o O B X

2

reflection level in an isotropic plasma. X = 1 - Y and
v X = 1 + Y are the reflection levels for x-waves. There :
is another level X = Xg where n? becomes infinity for )
a collisionless plasma, or very large when the 2
: : X

collision frequency is small. The x-wave may be

significantly absorbed at this level, given by »
1 - y?2 4
Xg = T (2.29) u
YA %
4
For an intermediate inclination of the magnetic ~

field and Y < 1, the variation of n? with X {s as shown
in Fig 2.1. Figure 2.2 demonstrates the relative

levels of reflection and absorption in terms of X as

A A Ay Sy

iy

3y

well as the regions in which the o- and x-waves can

propagate. If a wave is Incident from below the

1:'” ;

[

ionosphere with a monotonically f{ncreasing electron

density, the x-mocde will reflect at the X = 1 - Y level.

A

The o-mode, being unaffected at this level, will

T A 4

propagate up to X = 1 and reflect there. The arrivail
times of these two reflected components will be

different due to the height differeﬁce between these

(S X'y

L
x

two levels, This double refiection phenomenon is

SN MR

ralied "magnetc-ionic spritting” and {ts cause is the
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Square of refractive index vs.
parameter X for intermediate inclination
of the magnetic field
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doubly refracting properties of the plasma containing

the Earth's magnetic fierd (25, 26, 27].

2.5 - THE Z-ECHO

At locations where.tﬁe Earth's magnetic field is
nearly vertical; experlmenters‘have occcasionaily
cbserved a third echo (named z-echo) during ionosonde
soundings. Eckersley (1950) and Rydbeck (1950,1951)
explained this observation by reflection from the X=1+Y
level through the mechanism of mode coupling from o~ to
Xx-waves at the X = 1 level [27]. 1If the angle between
the wave normal and the Earth's magnetic field is
small, n? versus X behaves as shown in Fig. 2.3. This
figure shows that around X = 1 the curves for the
o-mode and x-mcde refractive indices are neariLy equal.
There is also a rapid change of the o-mode polLarization
at this Level. This rapid change of pociarization may
lLead t¢ a coupling between the o- and x-modes and cause
the transfer of energy into the region between X = 1
and X = 1 + Y as an x-wave, This wave would then
travel up to the level X = 1t + Y where it would be
reflected, and, after coupling back to o-mode
polarisaticn, it would appear as a z-echo cn an .

icnogram.
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Eliis pointed ocut that for vertical incidence the
collision frequency in the F-region of the ionosphere
i{s not great enough for coupling energy effectgvely
above the X = 1 level [35,36,37,38]. He suggested an
alternative explanation. At X = 1, {f the wave ncrmal
is parallel to the Earth's magnetic field (Y, - o),
even Wwith a smail number of collisions n would be
non-zero, which may cause the o-wave to pene;rate into
that region through mode coupling.

Fig. 2.4 shows n? versus X for this case. It is
seen that the refractive indices of o- and x-modes are
almost equal at X = 1., This condition may always be
met provided the o-wave direction of propagation is
near a critical angle of lncidénce 8, Delow the

ionocsphere, given by

. v
sin 8, = + Vv ——= sin 83 (2.30)

1+ 7

S

Having penetrated the X = 1 Layer, the x~wave then
would propagate up to the X = 1t + Y iLevel and would
reflect in a direction which would not be observable
from the ground. However, Ellis surmised that
‘rregularities at the X = 1 + Y levei might cause

tacksecattering whinh woild then be observed at the

-4~
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transmitter lLocation as a z-echo [35]. It should be

noted that the term z-echo or z-mode wave is used for
historical reasons. Theory shows that it is actually a
downéoihg.o—wave which underwent successive
trahsformation from o- to x- to o- polarizations near

the X = 1 level.

2.6 - THE BOOKER QUARTIC

The Appleton-Hartree formulation introduced in
the previous section is most useful for vertically
incident waves. For cblique incidence a more general
formulation is desirable for investigating radio wave
propagation in a magnetoionic medium.

Assume a wave 13 represented by the following wave
functicn in which the y dependence is not included for

ease of discussion.

exp{ik(et -~ n(x sin & + z cos 8))} (2.31)
For an isotropic medium the refractive index n is
independent of the direction of the wave normal.

Therefore, to determine the propagation angle 8 of the

wave for a particurar n, Snetl's law applies

~26-
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sin 6r = n sin @ (2.32)

where 87 is the angle of incidence in free space (n=1)
below the ionosphere.

For anisotropic media the small wave function can
be used to represent either o- or x-waves. ASneLl's Law

still applies, giving

sin 81 = ny sin 84 = ng sin 8, (2.33)

where (ny,8¢) and (ng,85) are the refractive indices
and propagation angles of the x-and o-waves, respec-
tively. However, in this case, because of the
anisotropy both ny and n, depend on the direction of
the wave normair. That is, ny and ng are functicns cf
9¢ and 84. Since 8's and n's are both unknown, one
~annot simplLy uise Snéxl's law tc determine the
narameters c¢cf Eq. 2.31.

A more general method for investigating cblique
propagation was developed by Booker [38,39,26]. Booker
introduced the variable q, which is more meaningful
than n for cbligque propagation in the ionosphere.
Ccnsider n as a vector in the directicn of the wave

ncrmal fneilined a2t an angLre 9§ frcm the vertioal, i3
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shown in Fig. 2.5. Then q is defined as the vertical

component of n

Sing,

Fig. 2.5 Relationships between the propagation
parameters (n, q, 5,, 8)
and satisfies the following relationships:
sin 81 = n sin 9 (2.34)

qQ = n cos 8 (2.35)

Substitution of these variables into the wave function

Eq. 2.31 gives

explik(et = x sin 87 - gqz)} (2.36)
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Booker has shown that q is a root of a fourth-

ﬁ.pﬁ)p}ryvokk?gg

order polynomial whieh is known as the Booker quartic:

s

P

L

F(q) = aq* + Bq? + Ygq? + 6q + € = 0 (2.37)

S

z
L]
RS

where

e

v
o

a = U*(U-X) - UY?® + n?Y32X

L

B = 2nXY (S, = S,m)

.

M

Y = -2U(U-X) (C2U - X) + 2Y23(C20 - X) (2.38) .
l.:..-
¢ XY? [1-C?n2+ (S,0 + S,m)?} B

2,

§ = 2C*n2*XY?*(S,¢ + S,m)

€ = (U=X) (C?U - X)* - C?*Y?(C?W - X) - C*XY?*(S,2+S,m)?

Sy N x 8l

The fcur roots of the Bcoker quartic correspcnd tc

Ly

1@

3

the upgoing ordinary, dcwngoing ordinary, apgoing
extraordinary and downgoing extraordinary waves. The
rocts are in general complex because cf the damping

effect ¢f cocllisions. The real part of q governs the

'y

N

-
phase change of the wave, and the imaginary part .
N
governs the attenuation of the wave as it progresses in e
\':'
the medium., Upgoing and downgoling waves can be |
>
S
identified from the imaginary part cf the root. The ﬂ
Lo
“2cnservaticn of energy prineciple requires thaft the ¢
s
»

't":'

s
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: waves attenuate in the direction of energy flow, so fcr
? a wave propagating in the positive z-direction

k (ipgoing), the imaginary part of q must be negative.

) Conversely, for waves travelling in the negative

j# z-direction (downgoing), it must be positive.
‘i In certain regions of the ionosphere it is

’L possibie that the rocts of the Booker quartic may have
% real and imaginary parts with different signs. This

l . means that the direction of energy flow and phnase

o propagation are different [39,25]. This is expiéined

x

i by the fact that for anisotropic media the wave ncrmal
W and ray directions are, in general, different. For the
W same reason the reflection lLevel for anisotropiec media
-

ﬁ is the level where two roots become equal, not where

o

[ q=0.

i Fig. 2.6 shows the real part of q for the vertical
- inclidence rnase wﬁen tnere are nc aecliisicns. It is

; seen that the reflection levels for the c¢- and x-waves
ij are at X = 1 and X = 1 & Y, respectively. Also note

? that at the X = Xg lLevel the x-wave roots approach

: infinity.

; 2.7 - RADID WINDOWS AND MODE COUPLING IN THE IDONOSPHERE
-

- - - - -
- -
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As discussed previously in Sect. 2.4, an o-wave
may penetrate through a reflecting layer as a resuit of
mode coupling to an x-wave. The terms radio window or

holes are used to describe the occurrence of these

possible penetrations [35,40,417.

The ra&io window of interest here occcurs when the
propagation is in the magnetic meridian at the critical

angle of incidence

8o = * arcsin (v .‘ITY) -(2.39)

Figure 2.7 shows the sample behavior of the real part
of the roots of the Booker quartic for 8, < 0. It is
seen that the upgoing branch of the o-mode and x-mode
is continuous at ‘the X = 1 level. This suggests
coupling from o- to x-waves, The energy coupled to the
x-mode will propagate up to the X = 1 + Y level where
it is reflected and eventually absorbed near the Xjy
lever [25,28]. When the propagation is still in the
magnetic meridian but incident at an angle 0, > 0, the
real part of the roots become as shown in Fig 2.8.
Note that this figure is symmetric to the previous
figure about the x-axis. In this case t“he upgoing

c-wave may also couple to an upgoing x-wave at the X=1
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level. However, this x-wave reflects just above X = }
(rather than at X = 1 + Y) and is eventuaily absorted
in the absorption region near X = Xg [25,28].

Throughout the text, the Xg level is assumed tc be
the absorption level for the x-wave. This occurs
because of the fact that the imaginary part of'q
becomes large as this level is approached when
coillistons are present. Therefore, in this region
propagation over a small height range wiil result in
absorption of large amounts of energy by conversion to
neat. For high power radioc waves, this heating may
significantly modify the plasma.

An important reiated equation ié what happens to
the flow of energy of an x-wave near the Xg level when
there is no physical mechanism for absorption? This
happens when there are no collisions, in which the
non-evanescent imaginary part of q is ailways zero
throughout the magnetoionic medi im,. [t has been found
that as the x-wave approaches the Xz lever, the
direction of -energy flow becomes horizontai. This
phenomenon i3 true both with and without coliisions,

provided the coilision frequency {s not very great

fu2,43].
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Bliachier and Bouchet computed ray paths or
equivalently the direction of energy flow in the
magnetic meridian for the two critical angles of
incidence [42,43], According to their resuits, coupled
x-mode rays turn towards the south and propagate
horizontally as they approach the Xj lével. Figure 2.9
shows these ray paths for both ceritical {ncidence
angies + 8, (lndicated by the dashed Lines) along with
several other ray paths at different angles.

Additional information on this subject is given‘by

Ginzburg [28].

2.8 - DIFFERENTIAL EQUATIONS>GOVERNING RADIO-

WAVE PROPAGATION IN THE IONOSPHERE

The differential equaticns governing radic wave
propagation in the ionosphere are found by combining

Maxwell's cur.i esquaticns

V X E = ik H
(2.40)

vV xH = ik D
€o

with the constitutive reiations

-36~
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L -> ->
m P - e,M E (2.41)
K

‘8

o .

' The x-z plane is chosen toc be the plane of incidence,
.t i

ﬁ and plasma stratification is assumed to be in the

"

)

p z~direction. The incident plane wave is taken to be

N

. inclined at an angle 6 from the z-axis. The

? tnhomogenous medium may be thought of as being made up

o~

of a very large number of discrete strata in each of

which the electron density and the collision frequency

are constant, that is, homogencus. Then, in each

H

a

¥

r* strata the field quantities vary with x as exp{ikxsin

o

- 8} and do not vary with y, thus the differential

-

- operators

o

'

5 %, 9, 9 are equivalent to -iksing, 0, d/dz. 1If the
; oX 3Y &z

5 factor exp{ikxsin e} is dropped as was done with

W

[ exp{iwt}, the equations are functions of z only and the
5 '
% problem beccmes one dimensicnal.

\‘ Y

; Combining Maxwell's curl equations with the

constitutive relations and eliminating E, and H,

results in four simultaneous linear differential

- R

equations of first order with Ey, Ey, Hy, Hy as

E dependent vartables ([45,32].

.
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35 Ex = ix{-Hy Tow, (SineHy + MaycEx MzyEy) | 0
d .
1z Ey = ik Hy
a_ He = ik(M -V -+ (I+M,,)E, - Ay (singH, — M, . E, +
dz X Tyx=x Yy’ "y I+M,, y ZX*™X
szEy) - sinzeEy (2.41)
a_ y, - ik{~(I-Myyx)Eyx - MyyE Myo (sineH, +
dz 'Y XX /=X Xy*=y I+M,, Yy
MzxEx + MgzyEg)}
E, and H, are given as
E, = ik S {sine + M, E, + M, E } (2.42)
z I*MZZ y ZX+=X Y2y hRy .
Hz = siné Ey
In generai, in an nomogenous medi im these fcur
simultanecus linear differential equations result in
four independent solutions for the field quantities E,,
Ey, Hy, Hy. These four independent soluticns ;
A

correspond to the upgoing ordinary, downgoing ordinary,

[ ]

3;
1pgoing extraordinary and downgoing extracrdinary :C

W
~w3aves, srepagating independently. nder most t#

a4

At

>
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circumstances, separaticn cf tihe wave fields in this )
manner {s also applicable in inhomogenous media. d
Exceptions tc this ocecur at the ievels of reflection .9

and/or coupling where the independence of the soluticns
are lost. T
Eqs. 2.41 may be written in matrix fcrm as: g
at
d >
-— Y = 1 .4 )

iz (_e_ kT (i) (2 3).
where e is a 4 x 1 column vector )
bt
e = (Ex Ey Hy Hy)T (2.44) .i
and T is a 4 x 4 matrix given by j
.l
;j
b
31néM, sin M,y 0 -(cos?, + M.,) ;

Toe M., Ve M, T oM

0 0 1 0 -
(2.45) S
i
Myg - MyzMoy cos?g + M MyzMoy 0 -sinéMy., !
Y 1 ¢+ My, Yy T+ Mzg T My, A
Mezs C (Mgt t) MezMay 0 SinaMyy N
Vo M,y Xx Tov My, Tos Mg, o
N
N
“~
..40_ F
.
b
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In each stratum the field components depend on z

onily through the factor exp{~iqu} which gives
d = -ikq. EQq. 2.43 then can be written as

dz

Te = -qe (2.46)

The nontrivial solutions for q are the eigenvalues of

the T matrix or, equivalently, the solution to Eq. 2.47
det (T+ql) = 0 o(2.47)

which is another form of the Booker quartic. Expan. 'ng

the determinant gives the ccefficients of the quartic

a = 1
B = Tyy + Tyy
Y o= TyqTyy = ToyTuyq + Tap

§ = -T32(Tyy + Tyy) + T3yTyp + TqT3)

[y}
]

Tr1(T3uTuo = TyaT32) * Ty2(T39Tyy = T3aTuq)

* Tyu(T32Tyy - T31Ty2)

For each eilgenvalue there is an eigenvector ej

which satisfies the equaticn
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(T + qiI) ey = 0 i =1, 2, 3, 4 (2.49)

The elements of ej are proportional to the fielid

quantities Ey, Ey, Hy, Hy of the i-th wave component

and define the polarization state of the i-th wave.

2.9 - FULL WAVE SOLUTION TECHNIQUE

There are several approximate solutions available

for finding the field components in the ionosphere [26,

28)]. The W.K.B. soiutions of the form

F = Fg(2) exp{-1ik qu dz } (2.50)

are considered tc be a good approximaticn for many

foncspheric applications. These soluticns fail to

represent the true field components when they lcse

their independence. The regicns where they Lcse their

independence cccur near the reflection and coupiing

ilevels where two oOr more of the quartic roots become

equal. Also, the medium must be slowly varying sc that

the refractive indices do not change significantly

within one local wavelength.

Since this study is concerned with the regions

where refir=2cticn and cenupling ccecur, the W.XK.,B,

-42-
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soluticns are not considered. Rather, the exact !x

l'.‘.

solution of the field components is required f

’ necessitating use of the full wave solution teechnique. &f
) The full wave problem is to find the exact {‘
Y

solution to the differential £qs. 2.41 either N

=

analyticalliy or numericalily. Analytical c~iuticns are 5}

Al

Limited to special kinds of electrcn density profiies h

"
L +

and magnetic field conditions [26]. Numerical o

solLutions, on the other hand, are more general and are

2y

therefore used here [32,447].

AN )

LY

The differential equations 2.41 have four sets cf

f“‘- ‘l'

independent solutions and require four sets of bocundary

conditions for their complete solution. At the bottom

SN A

level where the transmitter is located the upgoling .:;
A
incident wave, which gives two of the boundary ;‘
s
conditions, is assumed to be known. However, the cther %i
b
tWo resuiting from dcwngoing wWwaves are nct kncwn, whicn fﬁ
':‘\
impities that boundary ccnditions at the bcttom i2ve. ;ﬁ
are insufficient. Above the highest refiecticn lLevey 4
H':
only upgoing waves, which supply the other two boundary &Q
Y "!
s
conditicns, can exist, Here upgoing waves are defined ;-
to be waves traveliling in the pcsitive z-direction, ar k«
N
(
are evanescent with decreasing amplitudes in the Ei
t
pesitiye z-directinn, The <downgzoing wave 2cmpocn2nis .ﬂ
)
N
N
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above the highest reflection levei must be zero; this
completes the required four boundary conditlons. Two
sets of soituticns are cbtained from these upper
boundary conditions by separately integrating them down
through the i{onospheric modeyi. Since these two
sclutions are independent, the total wave field is then
a linear combinaticn of them. The coefficients
relating the two soluttions to the total wave fieid is
found by extracting their upgoing components and
matching them to the known incident wave at the bottom

level where the integraticn is ended.

2.10 - DERIVING THE BOUNDARY CONDITIONS

At the highest level where integration is
started the initial values of the .upgoeing field
components Ey, Ey, Hy, Hy are required as boundary
cenditiens. The mediim above the nighest La2vel i3
considered hcmogenous so that the field quantities vary
with z as =-ikq as befcre. Substituting this intec tne
Eqs. 2.41 gives the wave pclarizations for each fieid

component [32]

~M,, {c0s28+M ) +M,, (3sin0+M, )
(T=gi+Myy)(ces3+M, L0 -(qsind+M ) (gsind+My o),

)
Ee

u
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~
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Hy = -q Ey
Hoo_ Exfla(i+Mo )esineM ) + B {sin M, }
7 My, *+ cos?9
-1 -
\ £ = m (31neHy+szEx+sz) (2.52)

Hz = si neEy

;‘ - The two boundary conditions cor}espond to the
qdartic rcots with negative imaginary parts which
denocte upgcing waves. Solving the quartic and

E: sdubstituting appropriate rocts inte Eq. 2.51 results in

two sets cf initial sciuticns.

: 2y = (E'y El'y H'y H' )T (2.52)
3 e, = (E, BE*y H?, W2 )T (2.54)
d 2.11 - INTEGRATION

Numericali integraticn is done by the fcurth-
crder Runge-Kutta method. Integraticn starts «“ith
tnitial sciutions (1) and (2) at the maximum height and

proceeds dcwnwards in the medium with h meter

dencrements, it setiected intervais c¢f 7, sciriticns 1)
ind 2 ire 2Lred; ney Nl e Lidet _aver Lo
' .
L]
i
)
» —45_
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reconstruct the total field components by forming their
appropriate Linear combination. The Runge-Kutta scheme
is outlined below.

The simultaneous differential equations can be

represented as

Y'1 - i (Y1, Y2 Yss Yo 2) i =1, , 3, U4
(2.55)
where
vy = Ey Yy = Ey y, - Hy y. = Hy (2.56)

Then the integration coefficients become

PIPR W W RPN W P P S W

-46-

]
9
|

L e,

AT N e AR B




kKio = ~h £ (¥is Y2y Yas» Yus 2)
ki, = -h fj (Y1+1/2k10- Yz*1/2kzo- Y3+1/2k3

g *1/2k , g=1/2h)

Ky, = =h £ (y,*1/2K , y +1/2k ¢ +1/2k |
g *1/2k_ . z=1/2h)

Kis = mh By (y t1RK L poet/Rk o et 2k
y“+1/2k“2’ 2= 1/2h)

kiow = =h £ (y,* Kyy, Y3+ Kasy ¥s* Kygy Yo+ Kyy, 2-h)

yi(z=h) = yq(z) + % (kio + 2Ky, * 2Ky, * Ki,)

2.12 - NUMERICAL SWAMPING

It has been cbserved that during integration
numerical swamping might cause problems because of the
Limited accuracy of the computations. For examplie, at
the beginning of integration when the initial solutions
are calculated, or during integraticn, numerical errcrs
such as rcundoff may intrcduce a small fraction c¢f an
evanescent wave into the travelling wave solution.
This evanescent wave, which is very insigniffcant at
the beginning, may eventually dominate the travelling
solution and lLead to incorrect results.

Several methods have been devised tc overcome this

prcblem, One methcd is tc¢ nhange dependent variable=es
-47-~

[ ]
o

-

o

Al Wit - A dl TR WY W Vi - - bl W U Sl L W] - - - al - - - - - - ‘h'\:
ufxle.:s“x,.,-I\#:,.,.?.,xtx:y,\fxf\,\:\kuﬁth %L:{: xf\.:QQi:!:}z \F?f?x




TR R IO

and transform the differential Eq. 2.43 to a different
form. Instead of Ey, Ey. ) yo four elements of the

admittance matrix A may be used [40]

’

/ml 2 1 2 \-1
- X E%x HY HY

A = (2.58)

Alternatively, elements of the variable p are also

possibie [40]

p = (A -1) (A + 1)~V (2.59)

Since solutions (1) and (21) are both contained in
the wave admittance matrix A, these two methods require
only one integration. However, they yleid only the
ratios of field compohents rather than the true field
amplitudes, and are employed primarily for calculating
reflection coefficients. If the fieid variaticn with
helight is required, the choice of independent variables
must in each case yield Ey, Ey, Hy, Hy and the
differential Z£q. 2.43 must retain their criginal form,

The nimerical swamping problLem has been ocverccme

Dy 2 different methed s iggested by Pitteway T447, The
-48-
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method is based on constraining solutions at regular
intervals during integration and forcing them to remain
independent, This is accomplished by adding a fraction
of one sclution to the other one., This is possible
because the differential equations are linear. In
practice, these modiffcations are recorded along Q{th
the field components during integration and can be
accounted for later, during the reconstruction of the
total field.

The fraction of one sciution added to the cther
solution must satisfy certain conditions. Let e,

represent the solution to be cqnstrained

e, = (E*¢ E?y H*g H2 T (2.60)
and e', the solution to replace e,
e'; = e, *+ ae, (2.61)

where a is a complex constant such that e', is

Hermitian orthogonali to ey That is, the dot product

e', + e¥ = 0 (2.62)
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where * denotes the complex conjugate. This requires

that

o - - 22t 8 (2.63)

2.13 - MATCHING SOLUTIONS TO THE INCIDENT~QAVE

Below the ionosphere where the medium i{s assumed
to be homogenous, the known incident wave must be
matched to the upgeing wave components of both
solutions through an appropriate linear combination.
If the incident wave components are E,LRC, Eyinc and
the upgoing field solutions are Ey', Ey‘, Ex?, Ey?,

then

ExlNC = qE', + BE?, (2.64)

o

O

A
-

inc _ 1 2
Ey = af y * BE y

Soiving f¢r o and B gives

ExincEzy - Eyincsz

Q = Elxazy — Elysz (2.66)
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EylnCElx - ExlnCEly

(2.67)
ETEZy - ETyE’y

Ancther method of matching-exists when the
incident wave has only o- or x-wave polarization. Let
Ey'oinc, Ey’xinc denote the o- and x-wave components,

respectively. Then,

Ey'otnc = aEly.o,... BEZY,O (2.68)
Ey,x'M¢ = aB'y y + BE?y (2.69)
If there is only an upgoing o-wave, then Ey,xi“C =0

and the coefficients o and B become

2
a = -8 gwl*x (2.70)
Y¥»X .
Ey’olnc Ely,x
3 = = (2.7

-

nzy'oEry'x Ezy,OEly'x
The coefficients for the x-wave can be derived in a
similar manner.

After the coefficients a and B are determined, the
totai fields anywhere in the iondsphere can be found by

taking the Linear combination of the two solutions

whiech were stcred diuring integraticn.
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2.14 - DECOMPOSING TOTAL FIELD COMPONENTS IN THE

%

LOWER BOUNDARY , , :

The full wave solution technique gives the tctal ?
fields. One would alsc want to know the upgoing and _ E
downgoing o- and x-wave fields for determining the !
reflection properties of the {ionospheric model. ‘
Decomposing the total‘fields into their magnetoicnic {
modes in an hcmogenous medium is possible using the )
method described below. t
Let subscripts i=1,2,3,4 refer tc the uipgoing c-, §
downgbing c~, upgoing x-, downgoing x-wWwaves, E
respectively. The total field may then be written as :
a sum cf these four waves such that 2
|

E{El (2.72) ‘

o > h)

iy H, (2.73) 3

Wwhere only the total fields E and ﬁ are known. These ;
equations may be written in terms of the polarizatiocn 7 ;

states p of each wave component (Egqs. 2.75-2.76) where

p's are defined as

¢« ¢ t v ¥

L)
“
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Pt = Exi/Eyi pwi = Eyi{/Eyy psy = Hyj/Eyq s
FaN.

(2.74) o

1

Pui = Hyi/Eyi pPsi = Ezi/Eyt pei = Hzi/Eyq '
.

hY

- - - - - .-.y:‘v.
EX P11 P12 P13 01:‘ ny :..7.
E 1 i 1 1 E,:2 s
y y %Y
Hx} = P P32 Pas Piu Ey; (2.75) --.
LHy Pui Pya2 Puas P Eyn{ :\\
- L i L i '
3

ol

®

\"F

Ez (951 Ps2 Pss Pse -Eyn-

¢

u.l!.

Hz = Lpsl De2 Pes Pew Eyz (2'76) !:::
®

Ey3 X

B0t

By b

- B tv‘

o

fach polarizaticn state p is determined from Eas. b’
2.51-2.52 with its respective root q. Nocw, the tctal E;i
P
fields (Ey Ey, Hy Hy)T on the Left cf Eq. 2.75 and the g
4 x U4 polarization matrix are known. Solving Eq. 2.75 ;;
for (ny Eya Ey, Ey,,)T gives the upgoing o-, downgoing
o-, 1pgoing x-, downgoing x-wave components of Ey,
respectively. The other cartesian compcnents may then

he fzind frecm y\(
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n Exi = P1iEyq
i Hxi = paiEyy
N Hyi = puiByi » (2.77)

Ezi = psiEyq

Hys = peiEyy

:I" (t = 1, 2, 3, ’4)_
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CHAPTER 3

MODEL COMPUTATIONS

In this chapter field solutions for simple
ionospheric models are performed using the full wave
solution progranm develbped by Seliga [32]. The
solutions give the wave fields for an incident o-wave
for different electron density profiles, collision
frequencies and angles of incidence, With the aid of
the correspending Booker quartic solutions, the
behavior of electromagnetic waves in the plasma are
determined. The reflection coefficients for several
propagation directions are also calculated to determine
the shape and angular width of the radio windows. The
results demonstrate the importance of 0- to x-mode wave
coupling which occurs when propagation is near the

critical 2angle in the magnetic meridian.

3.1 - PARAMETERS OF THE IONOSPHERIC MODEL
Three different models are chosen which

approximate the increasing electron density of the F

region of the lonosphere.
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$ Electron Density Profile:
; Each profile has a linearly increasing electron
3 density with height given by the equation
L) 2
‘ N(z) = Ng + Ng (g) (3.1) ‘
- '
" where Ng(m™*) is the initial electron density at the
: reference height
1
)
g 2z =0
4 Ng/H (m™") is the rate of change of electrons
: © density with height
h

2z (m) is the height relative to the reference

level.
| The three models chosen are shown in Table 3.1
N
Y Table 3.1 - Parameters of the selected ionospheric models
@
L]
Model 1 Model 2 & 3

] Ng (m-?) 1.8 x 101! 1.8 x 10!
. Ng (m™?) 2.7 x 10! 2.7 x 10!
'
. H (m) 10t 103
)
I
I
l
)
3
W -56-
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Frequency:

All computations are performed at a wave frequency

f = 5 MHz

Collision Frequency:

A constant collision rrequency 1s used throughout
the medium. For each model, vp << |w - wy | S0 that the
effective collision frequency ve is given by Eq. 2.19.

Table 3.2 gives the collision frequency values for each

model.
Table 3.2 - Collision frequencies for the ionospheric models
Model 1 Model 2 Model 3
‘ vg (s71) 10° : 10° 200

ve (s71) 2.5 x 10? - 2,5 x 10° 500

Geomagnetic Field:

The geomagnetic field conditions at Platteville,
Colorado (Fig. 3.1) are chosen, since a major heating
facility was located there and much experimental data

exists at this location.
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Flux Density Bgy: 5.64260 x 107° Wom™?2

Magnetic Dip 6g: 67.T4

ot
o

eB

Fig. 3.1 Geomagnetic fleld conditions at Platteville,
Colorado

Using Eq. 2.11 one obtains

1.58 MHz

fy =
Y = 0.316
Based on these parameters, the X = 1, 1 + Y, 1t - Y

and Xg levels occur at heights listed in Table 3.3.
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Table 3.3 - Critical level heights for the ionospheric models -
o)
Model 1 Models 2 & 3
X =1 4818 m. 481.8 m.
X = U + Y 8447 m. T 8uL.7T m. T
X = 1 - Y 1190 m. 119.0 m.
X = Xg 4639 m. 463.9 m.

Critical Angle of Incidence:

The critical coupling angles for each model are same

8o = = 10.696°

ey W

3.2 - PARAMETERS OF THE FULL WAVE SOLUTION PROGRAM

Cartesian components of the E and H fields are

Tield

Jutputted oty the full wave solution progranm.

magnitudes are relative to the incident wave amplitude.

nd

o

Note that since propagation i{s in the x-z plane, Ey
Hy are the components perpendicular to the plane of

propagation.

Increment:

T B W WY WwWY T am R AASRNNTW W ATER e e e Evam vV RN
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The integration increment h is determined by a
computational procedure. Three arbitrary angles are
chosen for each model, one in the S-N direction near
the critical coupling angle, one in the vertical

direction and one in the N-S direction near the

critical coupling angle. For each of these angles the
program is run several times, each with decreasing
integration increments until the reflection
coefficients and fields converge. Then the program is
run for the rest of the angles using the resulting
integration increment. Table 3.4 shows the integration

increments used for the models.

Table 3.4 - Integration increments used for each a

ionospheric model

Model 3 10 m. 200 s™! 0 10 m. 0.02 m. t
Model 2 10 m. 10® s~' 0 10° m. 0.1 am.
' Model 1 (N-S) 10* m. 10® s~! 10 6x10®* m. 0.05 m.

—_

- Model 1 (S-N) 10* m. 10? s~!' 10°® 9x10° m. 0.05 m. )

Hermitian Orthogonal Constraint:

N,

T~ e e e D@ aining of the solutions is done at every 20 to

i

: 50 integration steps, depending on the storage X

-

requirements of the computer program.
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Computation Time:

The program was run on an IBM 3081 with the VS
FORTRAN compiler. The average run times for the models

are given in Table 3.5

Table 3.5 - Average execution times for the
ionospheric models
Total

Execution Time Number of Angles Time

Model 1 (S-N) 9 min/angle 22 198 min.
Model 1 (N-S) 6 min/angle 22 132 min.
Model 2 1 min/angle 60 60 min.
Model 3 3 in/angle 60 180 min.

3.3 - INTERPRETATION OF THE RESULTS

In this section the field solutions for Model 1!
at 6 = 0 and 8 = + 8, in the magnetic meridian are
presented along with the corresponding roots of the
Booker quartic. The levels X = 1, 1 + Y, 1 - Y, Xg are
indicated on the full wave solutions as vertical lines

numbered t, 2, 3, U4, respectively. On top of tne

-61-
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figures are the parameters of the ionospheric model,
including Ng, Ng, H, vy which are denoted by CON(1),
CON(2), CON(4), CON(S), respectively. The solutions
for other models and magnetic fields are given in

Appendix A.

Case 1: Model 1, Vertical incidence (8 = 0)
Figures 3.2, 3.3 and 3.4 show the Ey, Ey, Eg
components of the vertical incidence solution,

respectively. The upgoing incident wave has ordinary

polarization. The standing waves below X = 1 are due

to interference between the incident upgoing o-wave and
reflected o-wave. The reflection coefficients for E

and H are

which indicate that most of the incident energy is
reflected back at vertical incidence.
The roots of the Booker quartic are useful for
understanding the observed reflection mechanism. Figs.
.5-3.5 show the real and imagzinary parts of the roots.

The roots corresponding to tne upgoiag o-wave and
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v downgoing o-wave are denoted by A and B, respectively.
The reflection level for the o-wave occurs where the

two roots become equal, which is X = 1 in this case.

L e e e e

The imaginary part of the roots corresponding to A and

: B appears to be zero, indicating that there is no

b energy lost during this;process. Aetually, qQ has a

K small imaginary part. 4 detajiled plot would reveal

é that Im(q) for A is negative, indicating that direction

; of energy flow is upwards; Im(q) for B is positive,

- indicating that direction of energy flow is downwards.

, .

; A sketch of the ray path for the vertical incidence
case is shown in Fig. 3.7. The rays bend towards the
north as the X = 1 level is reached, and become

; perpendicular to B, at that level. More detailed

ﬁ information on these ray paths may be found in

‘ [26,42,43].

n Beyond ¥ = 1, Re(Q) = 0 and Im(q) < O for the o-wave

2 as denoted by C in Fig. 3.6, This indicates that the

N o-wave is evanescent and does not propagate in this

: region. In the full wave soluticns this effect [s seen

3; as a sharp decrease of the field amplitudes beyond X =

< 1.

)

< Another interesting property is the existence of an

’? I, component, 3ilthough the propagation vectdor 13 1n the

)
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Fig. 3.7 Ray path for the vertical incidence case
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z-direction. .This is common to anisotropic media. The
magnitude of E, is quite insignificant at the bottom
level (Fig. 3.4), but as the waves progress up to the !
X = 1 level it grows larger.

Another observation of interest-is the changing
wavelength of the fields, decreasing with height. This
is in agreement with the roots of the quartic (equal to
the refractive index in this case) which indicate that

n + 0 as X » 1.

Case 2: Model 1, Critical Angle ;f incidence (S-N):
Prcpagation Towards Magnetic North
Figures 3.8, 3.9 and 3.10 show the Ey, Ey, Ej
components of the fields, respectiveiy. The field
magnitudes in this case are nearly constant at the
Sottom level. The absence_of any standiag wave peaks

below Xg indicate the absence of significant reflected

downgoing waves. The reflection coefficients for E and

H are

A g
LA 3
. l)l.k-'.".‘

« vy K
Ll

1

R(E) = 6.4450 x 107°

)
A

R(H) = 6.9295 x 1073
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which implies that practically all of the incident wave

is abscorbed in the medium.

Fiés. 3.11 and 3.12 show the real and imaginary
parts of the Booker quartic roots. The upgoing o-wave
path is denoted by A. Unlike the vertical incidence
case, the rogts do not follow path B corresponding to
the downgoing o-wave, but progress up to just above
X = 1 where the two roots are equal, then become very
large at the Xg level. This is more clearly seen in
Figs. 3.13 and 3.14

The roots of the Booker quartic show that upgoing
o-waves (branch A) propagate up to just above X = 1
(X = 11,0015 for this case), reflect back and approach
XR- The correspcending ray path for this case is
sketched in Fig. 3.15. The phenomenon described above
is seen in the field solutions as standing waves above
the L3 level. Above X = 1.0015 tne waves =2xnibit
evanescent behavior and decay rapidly as expected from
the quartic roots.

The imaginary part of q (Fig. 3.14) shows that Im(q)

is zero or almost zero for the upgoing o-wave {(branch

A). on the wWway back, after reflection as an x-wave,

Mg Teelmes largze near g Tals ncrease Secomes

3iZnliitin nonne 2L et A = g, A3 oan . .
-74-
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X=1.0015

X:1 o

Fig. 3.15 Ray path in the magnetic meridian; critical
angle of incidence case (towards magnetic north)
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seen by the following branch C in Fig. 3.14. The
results show that for this critical incidence case
(S-N), most of the incident energy is focused and
absorbed in a very narrow region just below the X = 1
level.

Near the Xg level the real part of q along C becomes
very large and E; exhibits a peak of 40dB compared to
an incident wave intensity of around 5dB. This
indicates that E and k become almost vertical at Xp

while the direction of energy flow is horizontal.

Case 3: Model 1, Critical Angle of incidence (N-S):
Propagation Towards Magnetic South
Figures 3.16, 3.17, and 3.18 show the E,, E,, E,
components of tée fields, respectively. The field
magnitudes in this case are also nearly constant at the
Sottom level. The absence of standing waves below Xj
indicates the absence of significant reflected
downgoing waves. The reflection coefficients for E and

H are

R(E) 6.3 x 107°?

R(H)

n

n.3 x 107°
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which indicate that almost 100% of the incident energy
is absorbed in the medium.

The roots of the Booker quartic (Figs. 3.19-3.20),
corresponding to the upgoing o-wave, is continuous at
the X = 1 level. The roots continue (branch B) up to
the 1 + Y level, return back, with the real part
getting large as the Xp level is approached (branch C).
These indicate that the upgoing o-wave progresses up to
the X = 1 level, couples to the upgoing x-wave and is
reflected back from the 1 + Y level. This is seén on
the field solutions as standing waves between Xg and
1 + Y. The reflected x-waves do not attenuate
significantly until the Xg level is reached; this is

observed on the roots of the Booker quartic as

‘imaginary parts being zero (Figs. 3.20, 3.22, branches

A, B, C). Figures 3.20 and 3.21 show that the roots
cross the Xg level (branch D), contrary to the 3-N
propagaticon case in which the roots reach their maximum
at the Xg level.

The imaginary part of q (Fig. 3.22, branch D) is
large between Xg and 1 - Y. The waves attenuate
significantly and the energy is absorbed in this
region, most of 1t localized near Xg. Fig. 3.23 shows

the zs«xetch of tne ray zath for this case. Note that
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the real part of q and E, component s very

near Xg,

! large. This indicates that E and k are almost vertical

A A_a s o a

while the energy flow is horizontal.

3.4 - WIDTH OF THE COUPLING WINDOW X

v B RS

There is a region around the critical coupling

angle at which the o-wave to x-wave coupling is most

effective. The width of this region, which is referred

-
-

to as the coupling window, is determined by performing

a series of full wave solutions near the critical angle

i of incidence. The incidence angle is varied around the

coupling angle in two planes: (i) in the magnetic

meridian (N-s), and (ii) perpendicular to the magnetic 3

meridian (E-W). The =-3dB points are used to define the

M e

edges of the coupling window. Table 3.6 lists the

A angular widths for the E field. Figures 3.24-3.29 and

3.30-3.35 show the variation of tne reflection

TS g o o g % Y]

coefficients with the angle of incidence, in the

magnetic meridian and off the magnetic meridian,

The rest of the reflection coefficients

resnpectively.

are listed in Appendix B.

The results show that the angular shape of the

2oupling windcos {3 acocroximately circular ar2uud ohc
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Table 3.6 - Angular Widths of the Coupling Windows

AR o P

-

<
G A XX

N-S and S-N E-W

-

Model Angle -3dB(low) -3dB(high) Width -3dB Wwidth

P2 A

=
.
o

1 +10.7 8.7 12.8 4.1 2.0

TS

1 -10.7 -9.1 ~12.6 3.5 1.7

(V)
-~
L #

oy

it
N

(@]
(™ e

2 +10.7 5.5 16.0 10.5 5.5 11.

2 -10.7 -6.0 -15.0 9.0 5.0 10.0

3 +10.7 5.6 16.0 10.4 5.5 11.0
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% density appears to be a major determining factor
]
% affecting the width of the coupling window. The
[]
' angular width of Model 1 is about 3.5-4°9 and Model 2 is
% about 10~11°, .The parameters of Model 1 and Model 2
y
\ differ only in the grddient of the electron density H
R,
(H Model 1 H = 10*, Model 2 H = 10%). This indicates
o
s
\ that steep gradients are more favorable for effective
’.
l .
;} coupling. Also, for a given ionospheric model, the
coupling window in the S-N direction (+10.7°) appears
Ny :
’j to be wider than the window in the N-S direction
¢
(=10.7°) by about 0.5 - 1°,
) No significant difference is found between Model 2
W
R, and Model 3 which differ only by the collision ‘
?' frequency. The collision frequencies in these models
L)
- do not seem to be a determining factor affecting the
V.
K, width of the coupling window, or are of secondary
i importance compared to the gradient of electron
density.
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h CHAPTER & K
. CONCLUSIONS AND RECOMMENDATIONS .
- - n
t
. The objective of this research was to demonstrate
\
2 the possible role of o- to Xx- mode coupling in -
)

y .
) . . . .
D ionospheric radiowave heating experiments. Most. A
4 \
. previous related studies and experiments have not

\/
? considered the importance of o- to x-mode coupling near %
b ¢

' .
i . . . :

N the plasma frequency, which may result in intense ]

B

radiowave energy absorption in the ionospheric plasma
ks L 4
> . [41,46). Theory and simulations in this report: N

> W
) indicate that mode coupling may provide a viable

| eXxplanation for many experimental observations and

J

! should be an efficient heating mechanism for "
,' enhancement ¢f future experiments. The approach, \
)

conclusions and recommendations regarding mode coupling i
D - ‘Q
X and its relationship to high power HF modification
experiments are reviewed here. N
)
y In Chapter 1 the complex nature of the ionosphnere
(]
due to the Earth's magnetic field and the importance of X
l' f
' high-power HF ilonospheric modification and its possible ;
Q
: application to over-the-horizon communications were

Y briefly discussed. In Chapter 2 the relevant theory of :
»

: 2lectromagretiz wave propagation in the ijnosphere wis

2 y
- reviz«ed 15 1 5asis {or inderstanding tae toupling
‘0
D)
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“ phenomencn. This chapter considered the differential
L)

) . .

f equations governing electromagnetic wave propagation,
U

N} . ) .
ﬁ the full wave solution technique and the method of

¥ extracting wave components from the total field to

§ determine the reflection coefficients. 1In Chapter 3

»

W, .

;ﬁ parameters of the three ionospheric models chosen for
0 study, demonstration of the theory with sample full

N

:%’ wave solutions and roots of the Booker quartic and

' h

i

o, reflection coefficients were presented. The major |
b results are briefly summarized below:

b

!

:~ ~ For the vertical incidence case standing waves
L)

" below X = 1 indicated the presence of strongly
) reflected downgoing waves. The reflection

_ coefficients for the sample model were

'.!

o R(E) = 0.889 and R(H) = 0.889. The imaginary
) part of q was very small throughout the

; propagation path, indicating small energy loss; '
o this is also supported by the large reflection
: coefficients. In this case vertical incidence )
o

3; ionospheric heating is seen to be very

.

. inefficient.

) .
R

W - For propagation at the critical angle of

fa »

" inzcidence [In thne 5-8 direction, there were no
K7

D
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standing waves below Xp, indicating the absence
of any strongly reflected wave. The reflection
coefficients for the sample model (Model 1)
were R(E) = 6.4450 x 1073 and R( ) = 6.9295 «x
1073, The roots of the quartic indicated thnat

the upgoing o-wave couples to the upgoing

[}
—

x-wave which then reflects just above the X
level. This x-wave travels downwa}ds,
approaching the plasma resonance region Xg.
The imaginary part of q is very small
throughout the propagation path except in a
narrow region near the Xg level for the x-wave.
This results in attenuation of wave fields and
absorption of the incident energy by c<¢onversion
to.heat. Peaking of the E, component was
observed near the plasmia resonance region.

This implies that the absorption of energy,
combined with the large E, field, should be
capable of significantly modifying the

ionosphere near the Xg level,

For propagation at the critical angle of
incidence in the N-S direction, just like the

5-N 2131s5e, there were no 3tanding waves o921 w
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the Xg level, indicating absence of a strongly
' reflected wave. The reflection coefficients

for the sample model were R(E) = 2.4455 x 10°2

and R(H) = 2.3433 x 1072. 1In contrast to the

; 4
i S-N results, there were standing waves between N
the Xg and 1 + Y levels. The roots of the

)
Booker quartic indicated that the upgoing A
o-wave couples to the upgoing x-wave near the X [,
X
= 1 level. This x~wave then reflects from the
{ . - "
4 1 + Y level and approaches the plasma resonance <
8 .
i o
: region Xgp. The imaginary part of q was very -3
§ “
small throughout the propagation path, except
! !
- near the Xg level which results in attenuation 3
L . x
K
' of the fields and absorption of the incident ¥
) ;
] energy through conversion to heat. This
A 1
K .
X absorption is expected to modify the ionosphnere ;
1,
) significantly near the Xg level. \
h -
1 -~ The effective coupling region around the :
. f
critical angle of incidence was determined for t
‘ i
the three models considered. The results
[ i
- revealed that the coupling window is !
W\
\'
approximately circular, and that the '
(%
dJetermining Tactor affecting (%3 angiular ~idtn
’h
-~
”
1y
, -108- -
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or its diameter is the gradient of the electron
density. Among three models, the one with the
steepest gradient had the widest coupling
window, Therefore, as expected from theory,
steeper gradients are most favorable for
effective coupling of incident energy into the

ionospheric plasma.

A general conclusion deduced from the results of
this study is that oblique propagation in the magnetic
meridian near critical coupling angles should play a
significant role in ionospheric radiowave modification
and, therefore, help explain many of the observed

experimental phenomena. A number of recommendations

regarding future investigations about the mode coupling

phenomenon follow:

The models used here were simple
representations of the ionosphere. Further
computations are required for numerous other
models having different electron density
profiles and collision frequency profiles at
different geomagnetic locations throughout the

. 1
NP Ld,




-
g

Experiments need to be performed to validate

-,

- -

the findings. These should consist of ground-

based ionospheric soundings as well as in situ

probing of the electromagnetic wave fields with

rockets and satellites.

Existing experimental data, obtained at several A

locations of the Earth, should be examined with

the emphasis placed on the o- to x-mode

coupling phenomenon.

The phenomenon of o0- to x-wave mode coupling

should be carefully considered in the context

of future high-power HF radiowave heating

experiments.

The theoretical framework of the coupling

phenomenon should be expanded to include

nonlinear effects, sSuch as plasma wave

generation and irregularity scattering.
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APPENDIX A

Cartesian Components of Electric and Magnetic Fields
for the Ionospheric Models 1 and 2.
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APPENDIX B

Reflection Coefficients for the Ionospheric
2 and 3.
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Table B.2 - Reflection Coefficients - Model 1, off

the Magnetic Meridian.
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Table B.4 - Reflection Coefficients - Model 2, off the

Magnetic Meridian.
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